Abstract. Aquaporin-1 (AQP1) is a water channel protein expressed in vascular endothelia and involved in impaired angiogenesis in tumors. Since angiogenesis is an essential component of the regeneration of the endometrium, we sought to analyze the expression of AQP1 in endometrial blood vessels in normal cyclic endometrium as well as in endometrial biopsies of menorrhagia patients. Endometrial biopsies from 16 patients with menorrhagia and 21 healthy fertile women were used for immunohistochemistry assessment of AQP1-stained endothelial structures. RT-PCR was used to confirm the presence of AQP1 mRNA. We detected the expression of AQP1 solely in endometrial blood vessels in the control group, as well as in menorrhagic endometrium. There was no difference between proliferative and secretory endometrium. Furthermore, we observed that the vascular expression of AQP1 in endometrial blood vessels in the menorrhagia group was significantly lower than in controls (p=0.002). There was also a significantly lower number of stained vessels per unit area in the menorrhagia group than in the controls (p=0.006). Thus, the deregulation of aquaporin-1 in menorrhagia may be involved in abnormal endometrial vascular growth and permeability.
Introduction
Excessive menstrual bleeding, menorrhagia (i.e. >80 ml loss of blood), is a common gynecological problem in women of reproductive age, accounting for >20% of outpatient clinic visits (1) . This disorder may not just cause iron deficiency anemia and require hysterectomy, but may also cause considerable social discomfort and reduced quality of life (2) .
Approximately 50% of menorrhagia patients present no evidence of uterine pathology, suggesting a defect in the cellular processes and regulatory mechanisms of menstruation. An emerging concept suggests that disorders in angiogenesis may be a feature of abnormal or extensive menstrual bleeding (3) .
The Aquaporin (AQPs) family comprises at least ten homologous water-transporting proteins in mammals. They are expressed in epithelial, endothelial, and other tissues (4) . Structural studies of AQPs indicate a homotetrameric assembly in membranes in which each monomer contains six tilted segments that form a barrel surrounding a water pore (5) . Functional measurements indicate that AQPs 1, 2, 4, 5 and 8 are primarily water selective, whereas aquaporins 3, 7, 9, and 10 also transport glycerol and possibly other small solutes (6) .
AQP1 protein was expressed strongly in proliferating microvessels in human and rat malign brain tumors, bone marrow microvessels in multiple myeloma and proliferating microvessels in chick embryo chorioallantoic membrane (7) . Previous studies supported a role for AQP1 in microvessel formation and function. Saadoun et al showed that tumor growth was greatly slowed and microvascular density was lower in AQP1-deficient mice (8) . Furthermore, cell migration was greatly impaired in AQP1-deficient cells with abnormal vessel formation in vitro (9) .
Since angiogenesis is an essential component of the regeneration of the endometrium, we sought to analyze the hypothesis that menorrhagia arises because of aberrant expression and distribution of AQP1 in the menorrhagic endometrium.
Materials and methods
Study material. Endometrial biopsies were obtained from 16 normal ovulating women (mean age 42 years) with a history of menorrhagia and 21 normal healthy ovulating agematched women (mean age 38 years). Biopsies were obtained using a thin plastic catheter for endometrium samples (Pipelle Laboratoire C.C.D., Paris, France). All women were non-smokers and had not used drugs, hormonal or intrauterine contraception for at least three months prior to the biopsy sampling. Preoperative blood samples showed normal values for platelets, activated prothrombin thromboplastin time, INR, bleeding time and von Willebrand factor. In the women with menorrhagia the uterine cavity was evaluated by hysteroscopy. These women had no discernible endometrial pathology detected by this procedure or routine histological examination.
The stage of the menstrual cycle was based on the date of the last menstruation, analyses of estradiol and progesterone and the histological pattern of the biopsies. Seven women with menorrhagia and 10 women from the control group were in the proliferative phase, and nine women with menorrhagia and 11 from the control group were in the secretory phase.
The study was approved by the Ethics Committee of the Karolinska Hospital. All women gave informed consent to the study.
Immunohistochemistry. Biopsies were fixed in a neutral buffered 4% formaldehyde solution. After fixation, dehydration and embedding in paraffin, serial sections were cut to a normal thickness of 5 μm. Thereafter, the sections were deparaffinized in Bioclear (Bio-Optica, Milan, Italy), rehydrated in decreasing concentrations of ethanol (99.5%, 95% and 70%), and washed in water. After washing the sections in PBS, non-specific antibody binding was reduced by incubating the sections with normal goat serum (1.5%, Vector Laboratories Inc., Burlingame, CA, USA) in PBS. The sections were then incubated with polyclonal rabbit antigoat AQP1 antibody overnight at 4˚C (10) .
The next day the sections were rinsed in PBS and thereafter incubated with the goat anti-rabbit antibody (Vector Laboratories Inc.). After rinsing in PBS containing 0.01% Tween-20, staining procedures were performed with a standard avidin-biotin complex (ABC) method (Vectastain ABC Elite, Vector Laboratories Inc.). As negative control, the primary antibody was replaced by normal goat serum. The antigen-antibody reaction was visualized using chromogen 3,3'-diaminobenzidine (DAB-kit, Vector Laboratories Inc.). The slides were counterstained with Harris' hematoxylin.
After coding the slides, they were examined by two independent observers. Examination was conducted using a light field microscope. An average value from the two observers was calculated.
The staining intensity of AQP1 and the number of stained vessels were analyzed in six to ten random fields, depending on the sizes of the samples, using x400 ocular magnification. The staining was graded as follows: 0 = no detectable staining, + = weak staining pattern, ++ = moderate staining pattern, and +++ = marked (strong) staining pattern. The number of blood vessels was given as the number of profiles per area.
PCR. Total tissue RNA was isolated using the SV Total RNA Isolation System (Promega Corp., Madison, WI, USA) according to the manufacturer's protocol. The extracted RNA was treated with DNase, and its quality was checked on an agarose gel. Total RNA (2 μg) was reverse-transcribed using the First-Strand cDNA Synthesis kit (Pharmacia Biotech AB, Uppsala, Sweden). Then 2 μg cDNA was amplified in a total volume of 25 μl, composed of 10X PCR buffer (100 mM Tris-HCl, pH 8.4, and 500 mM KCl), 0.5 μl dNTP, 2 μl of each primer (4 μM), 0.15 μl TaqDNA polymerase, and 15.85 μl sterile water. AQP2 specific primers were generated from known sequences; the forward primer sequence was GTCT TCATCAGCATCGGTTC and the reverse, GTCGGCATC CAGGTCATACT.
The amplification cycle included denaturation at 95˚C for 3 min, 25 cycles of amplification at 94˚C for 30 sec, annealing at 64˚C for 45 sec, and extension at 72˚C for 1 min.
Visualization of RT-PCR products was conducted with electrophoresis using a 1.5% agarose gel with a subsequent treatment with ethidium bromide. As a standard, a 100-base pair ladder (Pharmacia Biotech AB) was chosen.
Statistical analysis. The data did not consistently fulfill the assumptions necessary for using the analysis of variance and t-test; therefore, the non-parametric Kruskal-Wallis and Mann-Whitney U tests were used. Statistical analyses were performed with the Sigma Stat software package (Systat Software GmbH, Erkrath, Germany). p<0.05 was considered significant.
Results
AQP1 expression was detected solely in endometrial blood vessels. Endometrial glands and stroma stained completely negative for AQP1 (Fig. 1) .
Moreover, when the menstrual phases were compared we noted that there was no difference in the staining intensity between the proliferative and secretory phase endometrium (Table I ). Furthermore, when we assessed the vascular expression of AQP1 as the number of blood vessels staining for this protein per area, we observed significantly more stained vessels in the control group than in the menorrhagia group (p=0.006) (Fig. 2) . However, the number of AQP1-positive vessels did not differ during the menstrual cycle between the control group and menorrhagia patients.
We noted also that the menorrhagia group showed significantly lower staining intensity of AQP1 compared to controls (p=0.002) (Fig. 2) .
The PCR data confirms the presence of AQP1 in the endometrium (Fig. 3) .
Discussion
In this study, we examined the distribution and modulation of AQP1 in normal as well as in menorrhagic endometrium, employing immunohistochemistry and PCR technique.
Biopsies were collected from consecutive patients with idiopathic menorrhagia, selected further to avoid confounding factors, such as smoking, use of contraceptive pills and abnormal estrogen blood levels; since it is well known that cigarette smoking has an anti-estrogenic effect, and sex hormones influence the endometrial regrowth after menstruation.
We demonstrated here that AQP1 was expressed solely in endometrial blood vessels, whereas endometrial glands and stroma stained completely negative for AQP1. Moreover, we found that the number of blood vessels staining for this protein per area was significantly higher in the control group than in the menorrhagia group (p=0.006). Furthermore, the menorrhagia group showed a significantly lower staining intensity of AQP1 compared to controls (p=0.002).
Our findings have three important implications. First, human endometrium expresses AQP1. Second, in the functional layer, only the endometrial vessels express AQP1. Third, expression of AQP1 is decreased in menorrhagic endometrium. Table I . Staining intensity in endometrial vessels. ---------------------------------------------------------------------------------------------------- Statistical analysis was performed according to the Kruskal-Wallis test; a is statistically separated from b , p<0.05.
-----------------------------------------------------------------------------------------------------Sample No. of biopsies Number of stained vessels Staining intensity average (SD) median (range) -----------------------------------------------------------------------------------------------------
- Previously studies indicated the role of AQP1 in angiogenesis. Endo et al (11) and Vacca et al (12) reported strong AQP1 protein expression in tumor microvessels. Using wound closure experiments, Lauffenburger et al showed that cell migration was remarkably enhanced when AQP1 was expressed in the cell, whereas growth and adhesion were not affected by AQP1 expression (9) .
Angiogenesis is an essential component of endometrial renewal; however, the timing and the mechanism of new vessel formation in the endometrium during the menstrual cycle are still largely unknown. Using the chick embryo chorioallantoic membrane as an in vivo assay for angiogenesis, Maas et al demonstrated that the endometrium has angiogenic potential throughout the menstrual cycle (13) . During the menstrual phase, repair of ruptured blood vessels occurs. Thereafter, during the proliferative phase, the endometrium grows rapidly, supported by the formation of new blood vessels. The secretory phase is characterized by differentiation, which includes the formation of spiral arteries and sub-epithelial capillary plexus (14) (15) (16) . Two peaks of endothelial cell migratory activity are found in the early and mid/late proliferative phases of the cycle (17) . However, there is no variation in vessel density throughout the menstrual cycle in women with normal blood loss or menorrhagia (18, 19) .
In this study, we found no difference in AQP1 expression in the proliferative compared to the secretory phase endometrium. There are few studies on the hormonal regulation of AQP1. Results of these studies are contradictory; one study suggested the role of estrogen in AQP1 expression in rat and monkey testes, while a second study did not demonstrate this effect (20, 21) . Richard et al reported an increased expression of AQP1 in the inner cellular layer of the myometrium in the mouse uterus by exposure to estrogen (22) .
Some studies investigated a role of AQP1 in disorders that were associated with endothelial cell dysfunction. The possible role of AQP1 in tumor angiogenesis was investigated by Saadoun et al (8) . Melanoma cells were implanted subcutaneously in wild-type and AQP1 null mice. Tumor growth was greatly slowed in the AQP1-deficient mice. Another study reported a decreased expression of AQP1 in human and mouse corneal endothelial dysfunction (Fuchs' dystrophy and bullous keratopathy) (23) .
We found that the number of blood vessels stained for AQP1 was significantly lower in the menorrhagia group compared with those of controls. The reason for this changed expression is not yet known. Moreover, the expression of AQP1 in menorrhagia has not been described previously.
It has been suggested that menorrhagia is associated with aberrant angiogenesis. In 1996, Kooy et al observed an increase in endothelial cell proliferation in the endometrium in patients with menorrhagia, compared to the endometrium in the controls (24) . Another study demonstrated that the proliferative index of endothelial cells is higher in women with excessive menstrual blood loss (25) . Furthermore, our previous study showed vascular abnormalities in the endometrium in menorrhagia (Mints et al, in press ). One might speculate that the low levels of AQP1 seen in this study are an expression for changed transendothelial transportation systems relating to permeability changes.
In conclusion, the presence of AQP1 in the endometrial blood vessels indicates the potential involvement of AQP1 in the regulation of angiogenesis in human endometrium. Moreover, aberrant angiogenesis in menorrhagia might be the result of a potential role of AQP1 in the endometrium. Further studies are needed to test whether AQP1-dependent angiogenesis is essential for regeneration of the endometrium.
